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the  assay  n|  link  in  mil  Inis  n|  the  t  n\i  ns  by  enm  pari  lit;  the  ra  l  til  net  n -death  response  t  n 
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nf  this  standard! /at  inn  and  nf  the  -t  at  isl  ical  p  meed  lire  t  h rough  which  it  was  develnped 
are  discussed. 


The  eycellelil  work  "I  Sin  it  II ,  Keppie,  and 
Stanley  detimiist rat ing  the  toxins  of 

Bacillus  (wthruiis  organisms  in  the  blnoil  from 
guinea  pig-  in  the  lemiinal  stages  of  anthrax, 
rekindled  interest  in  the  disease,  particularly  its 
toxins.  I  The  toxic  metabolic  by-products  of  the 
growth  of  li.  ttnlhrnris  are  composed  of  compo¬ 
nents  with  different  biological  or  chemical  prop¬ 
erties.  Naturally  produced  combinations  of  these 
components  in  unknown  proportion.-  will  he 
referred  to  in  this  paper  as  "toxins.")  To  date, 
valid  comparisons  of  results  among  the  several 
experimenters  'Smith  et  al.,  I 9  afw/ ,  b,  1950; 
Smith  and  C  I:i! !.  »p,  I  (tab;  Thorne,  Muhtar,  and 
Strange,  1900;  Stanley  and  Smith,  Idl'd;  Beall, 
Taylor,  and  Thorne,  1902;  Klein  et  ah.  1902; 
Keppie,  Smith,  and  I lart  i-  Smith,  1955;  Kckert 
and  lionveiitre,  1903;  Ilanis-Smith,  Smith,  and 
Keppie,  1 95N ;  Sargeant.  Stanley,  and  Smith, 
1900;  Stanley,  Sargeant,  and  Smith,  1000)  who 
have  reported  work  with  the  to.xie  materials 
produced  by  li.  anlhracis  have  been  dillieult, 
because  either  whole  crude  toxins  or  the  several 
components  have  been  assayed  by  different 
methods,  in  different  assay  animals,  and  with  no 
reference  st alula >  I  of  the  toxins. 

his  paper  presents  the  results  of  studies  to 
<|ti  utitate,  in  terms  of  defined  potency  units,  the 
lethality  of  anthrax  toxins  in  Fischer  dll  rats. 
The  authors  developed  a  reference  lot  of  stabilized 
freeze dried  crude  anthrax  toxins.  This  reference 
material  \v:ts  used  in  the  study  deserilx’d  here. 


and  i-  available  for  other  studies  against  which 
samples  of  ant  hrax  toxins  of  unknown  concent  ra¬ 
tion  ran  !«■  as-aved. 

M atkkials  and  Methods 

Animal*.  Fischer  311  albino  rats  weighing  200 
to  300  g  were  obtained  from  the  Fort.  IXtrick 
colonies  of  Frank  Beall  and  Frederick  Klein.  Both 
colonies  are  maintained  through  brother -sister 
matings  descended  from  the  colony  described  by 
Taylor,  Kennedy,  and  Blundell  (1901'.  This 
weight  range  was  chosen,  because  preliminary 
data  indicated  that  the  response  time  of  rats  that 
weigh  more  than  300  g  was  significantly  greater 
than  that  of  rats  weighing  more  than  200,  but  less 
than  300.  g.  Further  study  on  rats,  carefully  se 
le.-ted  for  weight ,  revealed  no  significant  difference 
within  the  weight  range  of  200  to  390  g  (Table  1). 
The  analysis  of  variance  is  presented  in  Table  2. 

lint  hllinl  fist.  Toxins  of  II.  an  th  mein  were  in¬ 
jected  into  the  dorsal  vein  of  the  penis  of  the 
Fischer  rat.  In  describing  tliis  test,  Beall  et  al. 
(1902,)  noted  a  definite  relationship  between  the 
dose  o(  the  toxins  injected  and  time  !■•  -dent It. 

Antiserum.  lapiine  hyperimmune  serum  (.1)11- 
1  HO,  prepared  by  repeated  injections  of  spores 
of  the  Sterne  strain  of  B.  anlhracis ,  was  used 
(Thorne  et  al.,  1900). 

I’n  /mrnlion  of  nnthni.r  toxins.  The  medium  used 
was  described  by  Thorne  et  al.  (1900).  and  was 
made  with  triple-distilled  water.  Subsequent  to 
his  original  description,  Thorne  ( person nl  com¬ 
munication)  has  suggested  some  changes.  The 
medium  used  in  this  study  was  as  follows. 

Nine  stock  solutions  (A,  B,  C,  I),  K,  F,  G,  H, 
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1  AMI.K  1.  Iltsfmnse  tune  in  minutes  of  27  ruts  in¬ 
jected  with  I  ml  of  crmlr  onlhrox  toxins  by 
ireiyhl  of  rot 

Wright  ni  rat 

JHI 

!>!t 

1172 

too 

!»7 

81 

04 

on 

80 

88 

!«4 

70 

105 

93 

78 

00 

02 

114 

101 

M» 

70 

78 

XX 

102 

82 

87 

71 

80 

835* 

783 

824 

92.  lit 

84. f* 

00.7 

*  Totals. 

f  Harmonic  means. 


Table  2.  Analysis  of  earianre  of  rrriprtnal 
tespoose  time x  neon  Ini  in  Table  I 


l||» 

Sum  til 

Mean 

F 

vjuBfr* 

*»u*rr 

Between  weights. . . 

2 

.0185 

.17242 

1.50* 

Within  weights  . . . 

24 

.3850 

.0101 

Total . 

20 

.  4344 

•  Degrees  of  freedom. 

t  Not  significant. 


amt  I)  were  prepared.  All  stock  solutions  may  I>e 
atom!  at  4  ('  for  indefinite  periods  of  time.  Solu- 
tion  A  contained  CnClr2H-4>,  0.308  g/500  ml  of 
water;  H  contained  MgSOrTH-O,  0.403  g/5U0  ml 
of  water;  C  contained  MtiSO,- HjO,  0,043  g/500 
ml  of  water;  I)  contained  a<ieniuc  sulfate,  0.105  g, 
aiul  uracil,  0.070  g  (b<*th  solids  were  dissolved  in 
100  ml  of  water,  ami  the  total  volume  was  made 
up  to  5110  ml). 

Solution  £  contained  thiamine  HC],  0.025  g/500 
ml  of  water;  F  contained  tryptophan,  2.000  g; 
cystine,  0.000  g;  and  glycine,  0.750  g.  The  solids  in 
solution  F  were  dissolved  as  follows.  Tryptophan 
wns  dissolved  in  0  ml  of  li  HCI.  Cystine  was 
dissolved  in  100  ml  of  water,  Dlyeine  was  dissolved 
in  150  ml  of  water.  These  three  solutions  were 
combined,  and  water  was  added  to  bring  the  total 
volume  up  to  500  ml. 

Silutiou  ti  contained  KHjl’D» .  34.0  g/500  ml 
of  water;  H  contained  K1IIIM4  ,  43.li  g/500  ml  of 
water;  I  contained  charcoal  'Norit  A),  3.75  g/500 
ml  of  water. 

A  10-ml  amount  of  each  stock  solution,  except 
that  containing  charcoal,  was  added  to  a  suitable 
container;  and  3.0  g  of  Casamino  Acids  l  Difeo) 
were  added.  The  volume  was  brought  up  to  1  liter 


with  triple-distilled  water,  ami  the  pH  of  the 
medium  was  adjusted  to  0.0  with  1  x  HtSO*  or 
1  N  NaOli  as  needed.  A  400-ml  amount  of  this 
preparation  was  dis|>enxed  into  a  3-liter  Femhaoh 
flask;  2  ml  of  charcoal  suspension  were  added,  and 
the  preparation  was  autoclaved  for  20  min  at 
15  psi. 

Inoculation  procedure.  A  5-ml  amount  of  20'e 
glucose  /sterilized  by  filtration)  was  added  to  the 
Fern  bach  Husk  containing  400  ml  of  sterilized  Ini  sal 
medium.  Kacli  flask  of  final  medium  was  inoculated 
with  2  X  10*  Sterne  strain  spires.  The  inoculated 
flasks  were  incubated  statically  for  23  to  27  hr  at 
37  C;  4  hr  after  inoculation  55  ml  of  O' ,  NaHC’Oj 
were  added  to  each  flask. 

This  final  culture  was  centrifuged  at  3.000 
X  g  for  30  min.  The  supernatant  fluid  wa  >  de¬ 
canted,  and  W horse  serum  was  added.  The 
solution  was  then  sterilized  by  filtration  through 
an  uitrafine  glass  filter. 

A  preliminary  test,  to  determine  the  potency  of 
each  of  14  toxic  filtrates,  was  done  by  injecting 
1-ml  samples  of  each  filtrate  intravenously  into 
two  rats.  The  response  (death)  times  of  the  rats 
were  consider'd  Ks  indications  of  the  toxicity  of 
each  batch.  The  total  volume  per  batch  and  the 
response  times  of  the  test  rats  are  given  in  Tabic  3. 

The  14  toxic  filtrates  were  combined,  and  a 
second  preliminary  test  was  conducted  on  the 
pooled  material.  The  two  rats  used  in  this  test 
died  in  101  and  117  min,  with  a  mean  response 
time  of  110.5  min.  Both  response  times  are  within 
one  standard  deviation  of  the  mean  of  all  batches. 

The  pooled  toxins  were  dispensed  into  ti00 
drying  ampoules  (40  ml),  each  containing  10  ml  of 


Table  3.  Volume  per  butch  ami  re  upon  re  time  of 
rale  chnlte ngnl  inth  toxin x  by  batch 


Butch 

!  Total  volume 

1 . - . 

:  -  - 

Rnpotif  time  (mis) 

i  Rat  A 

j  Rat  B 

Mtan 

1 

ml 

450 

97 

92 

94.5 

2 

450 

107 

91 

99.0 

3 

450 

97 

no 

90.5 

4 

400 

95 

I  — * 

95.0 

5 

420 

122 

124 

123.0 

0 

450 

114 

1-25 

119.5 

7 

510  1 

111) 

90 

103.0 

» 

410 

121 

120 

120.5 

0 

370 

88 

82 

85.0 

10 

510 

90 

94 

92.0 

11 

405 

lfltl  1 

94 

100.0 

12 

425 

100 

92 

99.0 

13  ! 

425  1 

117  | 

121 

119.0 

14  i 

300 

100  1 

1 

117 

108.5 

Total  | 

0.005 

103. 9f 

*  Missed  the  vein, 
t  so  -  12.14. 
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toxins.  Ampoules  wre  shell-frozen  in  Dry  Ire  and 
alcohol  ( — 79  C).  Frozen  ampoules  were  placed 
on  an  Amineo  Dryer  (American  Instrument  Co., 
Silver  Spring,  M«L),  and  dried  under  vacuum  of 
10  to  30  g  of  mercury  for  IS  to  21  hr.  Ampoules 
were  sealed  under  vacuum,  packed  in  rardlsiard 
containers,  and  stored  at  —20  C.  A  third  prelimi¬ 
nary  test  was  conducted  ut  this  point.  One  ran¬ 
domly  selected  ampoule  was  reconstituted  with 
10  nil  of  triple-distilled  water.  A  1-nd  amount  of 
this  toxic  material  was  assayed  in  each  of  Hve  rats. 
Their  mean  resjmnse  time  was  117.2  min.  To 
further  test  the  toxicity,  0.2  ml  of  undiluted  and 
of  serial  twofold  dilutions  of  the  reconstituted 
material  was  injected  intradermally  into  the 
shaven  sides  of  a  guinea  pig.  and  oltserved  for 
edematous  reaction.  The  material  reacted  at  a 


Table  1.  Rt*pon*c  time *  in  minute*  of  JS0  Fincher 
rat *  by  ilo*e,  court  "trillion,  technician,  anil  rat 


C 

.9 

*' 

1* 

!.»•  j 

1*  J  0.5* 

Concn 

’£ 

JS 

£ 

At  B 

a’!  », 

A  B 

A  ;  B  |  A  |  B 

4X 

i 

58  55 

53  54 

57  57 

81  80  78  71 

2 

53  til 

51  52 

84  83 

84  83  85  70 

3 

57  82 

58  52 

58  58 

84  82  78  72 

4 

00  52448  53 

50  123 

(.3  of*  81  82 

2X 

1 

57  57 

til  <13 

50  81 

1  : 

72  70100  80 

2 

57  55 

85  82 

74  85 

81  77  110  04 

3 

50  50 

58  58 

88  77 

72  78  100117 

4 

07  58  65  03 

87  .•<{ 

127  S  107  S3 

IX 

1 

otf  55 

70  00119  70 

90  01  127  150 

2 

73  **4 

78  72 

82  8! 

81  100  181  199 

3 

t>5  02 

77  80 

8!)  83 

107  97  293  48:1 

4 

S  K3 

S  S  , 

.S  100 

lo2  S  101202 

1  : 

0.5X 

1 

70  77 

153  143 

120  134 

145148  S  S 

2 

74  83  114  103  138  1.31 

425281  S  S 

3 

75  80  1 13  1 18  137  151  1588  214  S  S 

J.  •' 

4 

74  34 

f»  ,130140  S 

8  400  S  X 

■  ’tri 

-  -  -1 

.H- 1- 

f  r  t  • 

0.25X 

1  11111217:11711 

8  481 

.«  ,  S  i  X  •  s 

2 

1381711 205  274 

S  ft 

A  1  S  |  H  I  M 

3 

103  124 

8  ,300 

S  s 

t»  ,  M  H  j  ft 

4 

M  118 

8  |  .8 

&  |  s 

S  i  Si  S  }  S 

i  I 

0.125X 

1 

185  I!»5 

s  s 

s  s 

s  s  s 

2  253585 

s  s 

s  S 

ft  ,  «t  1  «t  :  s 

3  473  234 

s  s 

S  S  i 

ft  1  1  S  j  s 

4 

S  8 

s  S 

*  1  ft 

s  s 

1  !  ’  \ 

•0825X 

1 

s  s 

s  s 

S  N 

1  • 

s  s  s  s 

2 _ 

s  s 

s  s 

s  s 

s  •  ft  i  s  i  s 

3 

s  s 

s ,  s  1 

S  S  i  5  S 

4 

s  s 

s  s 

S  S 

S  ft  ft  s 

*  Dose  expressed  in  milliliters, 
f  Hat  A  or  B. 

|  indicates  survival. 


dilution  of  1:32,  and  can  l>e  expressed  according 
to  Thorne  et  al.  (ItltiO)  as  containing  32  toxic 
units.  Additional  vials  were  reconstituted  to  IX 
concentration,  ami  tested  on  immunmlilTusiou 
plates  against  the  standard  s|s>rc  antiserum 
(Thorne  et  al.,  1980).  Three  individual  lines  of 
precipitate  appeared  in  parallel  arrangement  when 
tested  with  a  linear  pattern.  The  strongest  pre¬ 
cipitate  line  was  identified  as  the  protective  anti¬ 
gen  (factor  Il>  component  when  compared  with  a 
standard  (Beall  et  al.,  1082).  An  undiluted  sample 
of  the  resus|M-nded  material  had  a  protective 
antigen  titer  of  1:84  against  tin-  standard  spore 
antiserum. 

lit fertnee  toxin*.  These  preliminary  tests  con¬ 
stituted  quality  control  measures  on  the  remaining 
5f>7  vials  of  dried  toxic  filtrate.  Asa  result  of  these 
tests,  it  was  known  that  t lies*'  vials  contained  the 
known  components  of  anthrax  toxins. 

i’roctilurv*.  The  toxins  were  assayed  inde¬ 
pendently  by  each  of  four  investigators.  The 
procedures  followed  by  each  of  the  lour  were  as 
similar  as  possible. 

The  characterization  of  the  dose  rcs|smse 
relationship  of  tin-  toxins  in  Fischer  rats  was  Imsed 
on  an  assay  in  which  the  two  dose  factors  of 
amount  and  concentration  of  toxins  were  each 
tested  at  several  levels  as  follows:  (it  five  levels 
of  the  amount  of  toxins  designated  as  1  ml,  2  ml. 
1.5  lul,  1  ml,  und  11.5  ml;  (ii)  seven  levels  of  the 
concentration  of  the  toxins  designated  as  IX,  2X. 
IX.  0.5X.  0.25 X .  0.I25X,  and  IHKi25X.  where  IX 
is  defined  as  the  concentration  resulting  when  I 
ampoule  is  reconstituted  to  10  ml  with  a  diluent 
of  triple-distilled  water.  Dilutions  Itcyoud  IX 
were  made  with  distilled  water  plus  in',  normal 
Iiorse  serum. 

The  7X5  factorial  combinations  of  the  several 
levels  of  these  two  factors,  plus  111  control  groups, 
were  each  tested  in  two  Fischer  rats  by  each  of 
four  investigators  (Table  1).  Three  sets  of  control 
animals  are  not  shown  in  Table  1.  The  first  set 
included  five  pairs  of  rats.  Each  pair  was  inocu¬ 
lated  with  one  of  the  five  amounts  of  diluent  alone 
(i.e.,  triple-distilled  water  plus  10* normal  horse 
serum)  to  provide  assurance  that  their  coinpnnion 
animals  responded  to  toxins  as  opposed  to  the 
inoculation  of  the  diluents.  The  second  set  in¬ 
cluded  seven  pairs  of  animals.  Each  |>air  in  this 
set  was  inoculated  with  1.5  ml  of  one  of  the  seven 
concentrations  of  toxins  mixed  with  0.5  ml  ('a  by 
volume)  of  s|N'cifie  antiserum  (Thorne  et  al., 
19ti0|.  The  seven  pairs  of  animals  in  the  third  set 
of  eoiitnds  were  inoculated  with  1.5  ml  of  one  of 
the  seven  concentrations  of  toxins  mixisl  with 
0.5  ml  of  normal  horse  serum.  These  animals  pro¬ 
vided  assurance  that  the  control  no.  2  animals 
that  lived  were  saved  by  the  antiserum  s|teeilic 
against  anthrax  toxins. 

Each  investigator  requited  32  am|mulca  of 
tlried  toxins.  Each  of  the  .'12  ampoules  was  itpened, 
and  reconstituted  with  2.5  ml  of  diluent  precooled 
to  4  The  contents  of  all  32  am|s>ulcs  were  then 
pooled,  providing  a  total  of  .SO  ml  of  reconstituted 
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toxins  nt  n  concentration  of  I X  (4  times  the 
original).  All  concentrations  of  m\ins  were  ntain- 
taineil  continuously  at  4  To  make  tlie  next 
dilution,  40  ml  of  the  |hh>I  ifX)  were  combined 
with  40  ml  of  diluent  (triple  distilled  water).  This 
provided  80  ml  of  toxins  at  a  roneentration  of  2X. 
Further  serial  twofold  dilutions  were  made  to 
0.0025X  ('it  X  original  roneentration)  and 
inoculated  as  planned. 

Kaelt  invest igator  required  MS  rats.  These  rats 
were  caged  in  54  eonseeulively  nuinls-red  rages, 
rarh  containing  two  animals.  Karh  of  the  54  treat¬ 
ment  combinations  was  given  to  the  two  animals 
in  one  rage  at  the  same  time.  The  order  of  the 
treatments  was  randomized  for  each  investigator. 
Itcsponse  times  to-death.  in  minutes,  were  re¬ 
corded  for  each  rat  ami  constituted  the  liasir  data. 

KKSfl.Ts 

.The  res|sittM*  times  for  animals  arc  presented 
in  Tahle  4.  Although  none  of  the  controls  up|>car* 
in  this  tahle,  none  of  either  the  first  or  second 
groti|is  of  control  animals  died.  Some  animals  in 
tin*  third  control  group  challengeil  with  1.5  ml 
of  toxins  plus  normal  lwr*e  serum  responded 
nearly  the  same  a*  test  animals  challenged  with 
1.5  ml  of  toxins.  The  mean  resjsinse  times,  in 
minutes,  of  these  control  animals  hv  concentra¬ 
tion  of  toxins  are  retorded  in  Tahle  5.  The  (Kit tern 
of  responses  hv  the  controls  provided  the  neeiled 
assurance  tluit  the  resimiise  of  the  test  animals 
was  sjieeifieally  to  the  toxin*  of  H.  anlhrari *. 

In  spite  of  carefully  controlled  procedure*  and 
techniques,  the  results  from  one  falmratory 
(technician  4)  were  so  erratic  that  they  were 
disregarded  in  any  further  analysis.  In*|>cction 
of  these  data  showed  that  technician  4  was  the 
only  one  having  icvcrsal  of  results;  i.c.,  a  greater 
.amount  of  toxins  not  killing  and  k-sser  amounts 
killing,  or  only  one  of  the  two  test  animals  re- 
s|xmding  (except  at  doses  eliciting  a  re'|>on>c 
aliove  300  min).  These  extremely  variable  results 

Table  5.  Mmn  rmponne  lime  by  ilo*e  and 
eonce  nl ml  inn *  of  I ox  in e 


I  (mli 

Ciwn 

»il  toxin  i  | 

j  *  |  1  |  M  t  »..» 

4X  57.5  54  5  S».0  («.:*  75  I!  (10.7  !  tiO.O 

2X  55.2  (ill. 7  Mi. 4  75.2105.1  IHI.0  70.0 

IX  «1.»  741  85.1  88.0 108.7  80.3  134.0 

0  5X  74.4  121.0  1314 .3217 .0  Sf  151  3  154.0 

! 

Mean  01.3  70.3  78  3  80  4  143  5  VI.  3 

*  Control  was  1.5  ml  of  toxins  plus  normal  horse 
•crum. 

f  All  animals  survived. 


Table  0.  Annlyxi*  nf  in  r  in  nee  of  reriproenl 
rtnponne  time* 


Line 

Kffrt  1 

!  rff  ^Um  * 

r* 

no. 

1  ni  viuart  *  ,  vfuure  f 

1 

Dose  (D) 

4  Il.ir272  2.08l8220.37t 

2 

Concentration 

«')  3  Hi, 502!)  5.5210  424.004 

3 

Technician  (T) 

2  0.1543  0.0772 

5.0t{ 

4 

I)  X  C 

12  1 .7084  0. 14!l!l 

11.. Wt 

5 

D  X  T 

8  0  l4S.50.018r> 

1.43 

(i  ! 

C  X  T 

IV  0.11800. 01**7 

1.52 

7  1 

1)  X  <J  X  T 

24  O.IV452  0.02H0 

2.07 

8 

Krror 

110  0.7814  O.Ol.'tO 

t) 

Total 

i  i  ! 

• 

Krror  line  8  was 

used  to  test  all  effect 

4. 

t  Approximate  probabilities  <0.001. 

$  Approximate  probabilities  <0.05. 

indicated  that  adequate  controls  on  technique 
and  environment  were  not  maintaimd  in  this 
lalmratnry. 

The  reciprocals  of  the  rrsjv>n*e  times  were 
used  for  analysis,  Urause  reciprocal  resjKiiise 
time's  an1  nearly  normally  distributed  with  equal 
variances,  whereas  tlie  untransformed  n'sjxm-o 
times  are  positively  skewed  with  unequal  vari¬ 
ances  (Finney,  1052).  The  analysis  of  variance  on 
the  reciprocal  re*|>on*e  times  of  120  rats  front  the 
four  highest  concentrations  and  the  five  doses  is 
shown  in  ’I  able  W.  From  this  analysis  it  was  seen 
that  In  it  It  dose  level  and  concentration  hail 
statistically  significant  effects  on  the  rrsjmnse 
time  of  Fischer  rats  injected  intravenously  with 
anthrax  toxins. 

The  analysis  further  showed  an  interaction 
Ix'tween  dose  and  concentration  to  lie  statisti¬ 
cally  significant.  The  mean  resjumse  times  by  dose 
and  concentration  of  toxins  an*  given  in  Table  5. 
From  the  tablisl  means,  it  can  lx*  seen  that  the 
magnitude  of  this  interaction  is  slight  and  had 
no  practical  significance  in  the  further  analysis 
and  interpretation  of  these  data. 

The  analysis  also  showed  a  statistically  signifi¬ 
cant  difference  among  technicians.  Inspection  of 
the  data  showed  that  mean  response  time*  for  all 
rats  re*|)onding  for  technicians  1,  2,  and  3  were, 
respectively,  78,  S3,  and  S3  min.  This  is  a  prac¬ 
tically  uninqiortant  difference  which  we  believe 
may  in  jxirt  lx*  due  to  environmental  factors, 
I  localise  genetic  differences  would  be  almost  nil 
after  100  generations  of  inlxveding.  The  rats 
iwh!  by  technician  1  came  from  the  Ik-all  colony, 
which  was  maintained  in  a  different  environment 
than  the  Klein  colony  animals  used  by  the  other 
two  technicians.  This  raised  the  question  as  to 
the  effect  on  this  assay  of  Fisher  rats  procured 
from  non-Dctrick  sources.  To  examine  this  effect, 


78 


HAINES,  KLEIN,  AND  LINCOLN 


J.  li.UTKKIOL. 


Table  7.  Response  times  in  minutes  by  supplier, 
operators,  and  mis 


Rat 

Charles  Rivrr 
Breeding  Labs., 
Inc.  j 

[  Microbiotocica! 
j  Associates,  Jnc. 

,* 

J  2 

i 

|  2 

1 

83 

!  8-  ! 
i  8i  ( 

91 

1 

i  85 

2 

88 

!  84  ! 

84 

89 

3 

80 

i  80  ; 

91 

j  89 

4 

83 

i  i 

88 

85 

-  5  . 

91 

j  84  ! 

89 

92 

6 

87 

I  89  1 

88 

84 

7 

94 

;  88  ! 

90 

101 

8 

88 

83  j 

92 

87 

9 

87 

S3  ! 

90 

102 

10 

91 

80  ! 

77 

87 

11 

105 

83 

89 

93 

12 

94 

85 

94 

7" 

13 

92 

79  j 

!K) 

107 

14 

90 

SI  1 

91 

88 

15 

98 

81  ! 

91 

83 

16 

91  1 

85  j 

77 

90 

17 

82  ; 

83 

97 

89 

18 

90  1 

87  j 

89 

88 

19 

83 

85  i 

82 

75 

20 

88 

83  1 

90  ; 

80 

Harmonic 

89.28 

84.10  ; 

88.50 

8S.42 

mean 

response 

time 


*  Operator  number. 

commercially  available  Fincher  rats  obtained  from 
two  breeders  were  tested  and  found  to  lx*  suitable 
for  this  assay.  In  this  study,  20  Fischer  344  rats 
from  each  of  two  suppliers  (Microbiological 
Associates,  Inc.,  Hethesda,  Mil.;  and  Charles 
River  Rrecding  lailmrjtories,  Inc.,  Brookline, 
Mass.)  were  challenged  in  each  of  two  hdxira- 
tories.  The  rcs|>onsc  times  of  all  SO  rats  are 
rejxirtcd  in  Table  7.  No  statistically  significant 
difference  in  times  of  response  for  animals  from 
the  two  suppliers  was  observed.  A  difference 
lietween  the  two  o|ierators  and  the  interaction  of 
operator  X  supplier  was  statistically  significant 
at  the  t>ri  level.  The  mean  response  time  of  three 
of  the  four  groups  differed  bv  less  than  1  min. 
and  the  fourth  group  differed  by  approximately 
5  min.  This  difference  of  alxmt  5  min  )x*t\vcen 
these  two  groups  could  lie  caused  by  a  difference 
of  alxmt  seven  units  of  toxins,  which  is  well 
within  the  05'  ,'  confidence  limits  of  an  estimated 
potency.  'Jims,  this  difference,  although  statisti¬ 
cally  significant,  was  considered  of  no  consequence 
concerning  this  assay. 

A  test  to  determine  the  storage  characteristics 
of  the  reference  toxins  was  conducted  on  a  via! 


of  the  toxins  which  had  iieeii  stored  for  .‘It!  months. 
The  test  vial  was  reconstituted  with  It)  ml  of 
triple-distilled  water.  Six  rats  were  then  chal¬ 
lenged  with  these  reconstituted  toxins,  according 
to  the  protocol  descrilx’d  in  this  pajx'r. 

The  estimate  of  jxitency  from  that  test  was  32.4 
latency  units  jier  ml  at  the  1  X  concentration. 
This  was  essentially  identical  to  the  32  units  |rt 
ml  set  up  in  the  definition.  Therefore,  it  was 
concluded  that  the  reference'  toxins  had  not 
changed  with  respect  to  jxitency  during  30  months 
of  storage. 

Development  of  procedures  for  direct  assay 
method.  A  jxitency  assay  should  lx1  based  on  dose 
ex|>rcssed  in  terms  of  well-defined  unit*.  No  such 
units  have  as  yet  Ix-en  defined  for  anthrax  toxins. 
Varying  the  amount  of  toxins  by  varying  either 
dose  or  concentration  would  have  a  *ignificant 
effect  on  the  resjxinse  time  of  rats;  however,  rats 
injected  with  1  ml  of  toxins  concentrated  to  2x 
rcsjxmded  in  alxmt  the  same  time  '.75, min)  as 
rats  injeett'd  with  2  ml  of  toxins  concent  raft'd  at 
lx  (74  min).  This  relationshiji  hold*  true  for 
most  other  dose-by-eonccntration  combinations 
for  which  the  jirtxluct  of  these  two  factor*  is  a 
constant.  If  dose*  are  converted  into  0.5-ml 
units,  and  concentrations  into  0.1X125  units,  then 
the  doses  and  concentrations  in  Table  4  can  lx* 
expressed  a*  shown  in  Table  S. 

The  jiroduets  of  the  marginal  numlxTs  in 
Table  8  for  any  two  equivalent  do*e-by-eon- 
eentration  combinations  are  the  same:  thus,  the 
jiroduet  of  two  dose  units  and  32  concentration 
units  gives  64  total  jxitency  unit*  of  toxins. 
Similarly,  four  dose  units  of  16  concentration 
units  also  contain  64  total  jxitency  unit*  of  toxins. 
We  define  the  jxitency  unit  of  anthrax  toxins  to 
be  expressed  as  these  products  of  do*e  by  con¬ 
centration  or  this  particular  lot  of  toxin*. 

If  we  wert1  to  carry  the  definition  of  a  jxitency 
unit  no  further,  then  I  ml  of  1  x  concentration 
of  any  anthrax  toxin*,  regardless  of  it*  actual 
effect  in  animals,  would  have  32  jxitency  units. 

Table  8.  Derivation  of  potency  units  of 
anthrax  toxins 


.  l*»se  of  toxins  in  **.<  mi  units 

Contn  of  toxin*  m 

U.tw>25-foM  units  f  ~  ~ — 


» 

4 

s 

2 

J 

64 

512 

250 

t!»2 

128 

61 

32 

250 

128 

!Xi 

04 

32 

10 

m 

04 

48 

32 

10 

8 

04 

32 

24 

10 

8 

4 

32 

10 

12 

8 

4 

2 

10 

8 

0 

4 

•> 

1 

8 

4 

3 

■> 

1 
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To  standardize  a  potency  unit,  it  is  necessary  to 
ileserilte  the  association  liel  ween  the  dose,  in 
units,  and  the  |x»lciicy,  in  terms  of  a  biological 
res|ionse  to  this  |iartienlar  lot  of  anthrax  toxins. 
The  potency  of  any  other  lot  of  toxins  may  then 
Ik-  measured  by  comparin';  the  res|»onse  to  a 
known  amount  of  the  test  toxins  with  the  rcsjionse 
to  the  same  amount  of  the  reference  toxins. 

These  response  characteristics  wore  described 
as  the  tlosc»-ros|H»ns»!  relationship  when  measured 
doses  of  these  toxins  were  injected  intravenously 
into  Fischer  3-14  rats.  The  challenged  rats  ro- 
simndcd  by  riving  at  a  time  that,  is  shown  here  to 
lie  highly  dependent  on  the  dose  measured  in 
imteney  units  of  these  toxins. 

The  regression  of  mean  reciprocal  resjxinse 
times  on  tin-  log-  of  the  jKitency  units  of  anthrax 
toxins  is  shown  in  Fig.  I.  'Hie  least  squares  line 
has  the  equation: 

Y  =  l>a  +  inX  +  b*X*  (1) 

where  )'  is  the  mean  reciprocal  res|tonse  time,  .V 
is  the  potency  of  anthrax  toxins  in  log*  units,  and 
the  h  values  ait?  regression  coefficients  computed 
from  the  data  of  this  test.  The  values  of  the 
coefficients,  their  variances  and  covariances, 
are:  =  —  2.591;  b\  =  0.959;  b+  *»  —0.051: 

VOW  =  0.077121;  V(bi)  =>  0.009514;  Y(b~)  - 
0 .000008:  l’(W» i)  -  -0.026902;  V(bJ> :)  - 
0. 0022.38;  !*(/>»#>•_.)  =  -0.000S00.  This  regression 
line  represents  a  basis  u|m>ii  which  coin|>arisons 
of  jMitency  of  anthrax  toxins  can  Ik;  made.  Tints, 
test  toxins  can  lx-  assayed  either  indirectly  against 
this  curve,  or  directly  with  parallel  assays  of  the 
reference  toxins. 

Dcirlopmr  nt  of  profit lures  for  indirect  assay 
method.  To  use  the  res) smses  of  120  rats  to  the 
reference  toxins  (for  which  the  slojic  of  response 
from  the  regression  data  (Fig.  1)  has  licon  cal¬ 
culated],  we  recommend  use  of  the  indirect 
method  for  standardizing  unknown  potencies  of 
anthrax  toxins.  The  regression  was  nearly  linear 
for  doses  from  !<>  to  128  units,  corresponding  to 
response  times  from  240  to  65  min.  Thus,  al¬ 
though  the  concentration  of  test  or  unknown 
toxins  is  arbitrary,  it  should  lx?  of  such  concentra¬ 
tion  that  I  ml.  injected  intravenously,  will  kill  a 
Fischer  rat  in  not  less  than  65  min,  nor  more  than 
240  min. 

To  test  the  potency  of  test  or  unknown  toxins, 
enough  animals  should  Ik*  used  so  t  hat  the  amount 
of  variation  in  the  final  result,  that  can  lx*  at- 
t  rilmted  to  the  test  rats,  is  at  least  no  greater  than 
the  amount,  of  variation  contributed  by  the 
standard  rats.  Thus,  at  least  six  Fischer  rats  of 
200  to  300  g  from  a  suitable  colony  should  lie 
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POTENCY  UNITS 

Flo.  1.  Regression  of  reciprocal  response  lime  of 
Fischer  rats  on  log  iloxc  of  anthrax  toxins  expressed 
in  potency  units. 

intravenously  inoculated,  three  with  2  ml  of  the 
tegt  toxins,  anil  three  with  1  ml. 

The  test  is  based  on  the  mean  reciprocal 
res|ionsc  times  of  the  rats.  (The  rat  response  is 
very  uniform;  thus,  any  observed  nonresponse 
must  be  considered  the  result  of  technique  at  some 
stage  of  the  assay  procedure.)  This  is  simply  the 
sum  of  reciprocal  times-to-death  of  the  rats  in 
minutes  (100/1)  with  the  average  time  calculated. 
The  reciprocal  res|>onse  times  of  the  rats  can  be 
put  in  the  following  form: 

Reference  Toxins 

Y  *  100/t 

1  ml  2  ml 

1 _ 4 - 

Rat  2. -  5. - 

3.  _  0.  _ 

sr  _ _  sr _ 

Y  =  R ,  _  Rt _ 

R,  +  R-  =  _ 

Test  Toxins 

V  =  100/t 

1  ml  2  ml 

1 _ 4 - 

Rat  2.  _  5. _ 

3 _ G - 

SF _  ST _ 

f  =  7, _ T . _ 

Tx  +  T.  =  - 

where  Ri,  R->,  T\,  and  are  mean  reciprocal 

res|x>nsc  times.  This  form  for  calculation  can  be 
used  for  either  the  direct  or  indirect  assay  method. 
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The  estimate  of  the  difference  in  potency  ( D ) 
between  the  test  toxins  and  the  reference  can  be 
found  as: 

n  III  ±  ^  ~~  (ft  +  /2I 

2  L  '/ 

where  the  letters  T  and  ft  represent  the  mean 
reciprocal  response  times  from  the  table  above, 
and  L  is  the  average  s!o|x'  of  the  reference  dose- 
response  curve  at  the  two  dose  levels  used  in  the 
test.  This  average  slojx*  may  be  calculated  as:  — 

A  -  b,  +  b-i  ( A* ,  +  A's)  (3) 


between  the  test  and  the  reference.  The  variance 
of  the  estimate  D  will  dejiend  on  the  variances  of 
the  otwcrved  rcsjxinse  times  and  of  the  regression. 
If  we  express  D  as  X/G  where 

A*  -  (T,  +  T»)  -  (ft,  +  ft,)  (6) 

and 

(S  -  2  A 

then  the  variance  of  D  can  Ix>  expresM'd  as: 

V (Z»  -  ~  |V(.V)  +  />T(f;)J  (7) 


where  A’i  and  X;  are  the  dose  levels  of  the  refer¬ 
ence  toxins  (in  log,  potency  units)  that  were  used 
in  the  test,  and  b,  and  b>  are  the  estimates  of  the 
regression  coefficients  from  equation  1.  When  the 
test  is  run  using  I-  and  2-ml  doses  of  toxins,  then 
A",  =  Sand  A*,  -  6. 1'nder  these  conditions  ft|  - 
0.92,  ft,  -  1.34  from  equation  1,  and  L  »  0.3985 
from  equation  3,  so  that  equation  2  becomes: 


(Ti  4-  Tt)  -  2.20 
0.7970 


(4) 


which  will  apply,  because  A"  and  G  are  estimated 
from  indcjx*ndcnt  oWrvations  (Finney,  1952). 
The  four  mean  reciprocal  response  times  are 
stochastically  indejs-ndent ;  thus,  the  estimate  of 
»’(A")  can  he  expressed  as: 

n.v)  -  r(ft,)  +  i*(ft,)  +  r<r.)  +  nr,)  (s) 

when*  l’(T’i)  and  l’(7%)  an*  obtained  directly 
from  the  <lata  of  the  test,  and  V(ft»)  and  l*(ft,.) 
are  calculated  from  the  regression  line  as: 

V(ft.)  -  V(Y)  +  <A\  -  X)'- 175.) 


where  the  letter  f)  represents  the  amount  of 
difference  between  the  test  and  reference  toxins  in 
terms  of  log,  potency  units.  If  D  is  positive, 
then  the  test  toxins  are  more  potent  than  the 
reference,  whereas,  if  D  is  negative,  the  test  toxins 
are  less  (intent  than  the  reference.  The  reference 
toxins  have  a  jxiteney  of  5  log,  units  per  ml  at  a 
concentration  of  I  x ;  thus,  the  jxitency  (ft)  of 
the  test  toxins  in  log,  units  at  the  concentration 
tested  will  lx  found  as: 

—i—  .  ft  -  5  +  D  .  (5) 

To  find  the  numlx'r  of  jxitency  units  jx>r  ml  of 
the  test  toxins,  its  jxitency  needs  to  lie  converted 
from  log,  units  to  log,0  units.  The  conversion 
formula  is: 

logio  ft  =  logs  ft  login  2 


+  (AY  -  XT'  V(b?)  (9) 

The  variance  of  G  is  given  by  the  equation: 

Y(G)  -  .jlV(b,)  +  (A*,  +ATO 

+  (A*,  +  A",)  Y(b,bs)  |  (10) 

When  the  test  is  run  using  1-  and  2  nd  doses 
of  toxins,  then  A*i  *»  5  and  AT,  «=  0.  I'nder  these* 
eonditions: 

V(ft,)  -  0.0134,  V(R2)  =  0.0018 
and 

V(G)  -  0.0355 

so  that: 

I'(ft)  -  ^77^-,  in.V)  +  0.0355/ft[  (11) 


The  value  of  ft  in  units  is  found  by  hxiking  up  the 
antilog  of  this  product.  This  value  will  !x*  the 
number  of  (xiteney  units  per  milliliter  of  the 
test  toxins  at  the  concentration  tested. 

Estimation  of  variance.  There  is  variation  in¬ 
herent  in  this  assay  system  in  addition  to  the 
variation  lx- tween  samples  of  toxins.  Thus,  the 
single  estimates  of  the  jxitency  of  any  jwrticular 
sample  of  an  unknown  toxin  should  lx*  Ixmnded 
by  confident  limits.  To  determine  these  limits  it  is 
necessary  to  calculate  the  variance  (!’)  of  the 
estimate  D  of  the  log,  of  the  difference  in  jxitency 


and: 

V(.V)  -  0.0134  +  0.0018 

+  V(T,)  +  V(7,)  (12) 

Examine.  A  sanqilc  of  toxins  of  unknown  jxi- 
tency  was  tested  in  this  lalxiratorv.  It  was  known 
to  kill  Fischer  nits  in  slightly  more  than  90  min 
when  injected  intravenously  in  doses  of  1  ml  at  a 
concentration  of  lx.  The  resjxinsc  of  the  un¬ 
known  toxins  was  compart'd  with  the  nsqxmse 
curve  dcscri!xxl  |,y  equation  I.  Each  of  three 
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Fi-flicr  ral<  w:i*  injcricd  witli  I  ml  •»(  f t«-t  >i\  rr'|«>n~r  time-.,  value-  of  Tt  ami 

luxiii',  and  their  rcri|>riM-al  rc-|mn~e  lime-  in  T-  were  •*rtl<iil:t f <■<!.  ('tirn**|ioiidiiis  valine  of  /» i 

minute-  were  recorded  ( Ki ji.  2).  Three  other  and  Tf;  were  oht  iincd  from  the  re.;r«—Ti-ti  line  l>y 

Fi-chcr  rat'  Mere  each  injected  intrav<in>u-ly  with  -nl>-l  if  til  ini:.  rc-|iectivolv.  the  value-  .land  li  for 

2  ml  of  l  1m-  fc-t  |i>\in-.  Tlu-ir  n-cipn-cal  rc-|Min-c  A’  in  equation  I  Tin-  value  of  /.  \u<  calculated 

film-  Here  al-o  recorded  (Fijj.  2).  From  Mum-  from  e<|iialion  .3  l»y  u-c  of  flic  value-  .»  and  li  for 


R«fer«nce  Toxin 
Y  *  100/t 
I  ml.  2  ml. 


°»  {  2  _ 

I  Y  HZ 
Y  :R, - fi 

V  ?2S 


.92  1.34 

2.26 


X  Y*_ _ 

v(r,i  .  °!-3i. 


0»{  2 
1  3 
Iy 

Y  =  T, 


T«sT  Toxin 

Y*  100/t 

I  ml.  2  ml. 
1.39  1.67 

1.25  1.56 

1.15  T3T 

3.79  4.82 

1.26  1.61 


T  *  T  s  2.87 

i  .a  - 

X  Y*  4  .8171  7.7506 

V  (  Tj )  .0048  .0011 


b0  =  -2.5912 
b  *  .9392 

b'=  -  .0510 


VtbJx  .07712089 
V(b()=  .00951355 

V(b2)=  .00006804 

Vt^bjls  -.000800 


L  x  b  ►  b  (x  ♦  x  ) 


b,  =  0.9592 
»  <x  ■*  *  Is  0.5607 
*  '  l  .  0.3985 

2L  -  0-7970 
ALj  0.8_352_ 


(,|+  »2>  =  - 


.(*,♦  *2) 


(T  ♦  T  HR*  RJ 

i  2  12 


Lo«.P=  5  ♦  D 


tog  P*  0  301 
10 


Dy 

»  5ij78  -  1. 


-  2.87  -  2.26 
0.7970 

0*s  0.6084 

74  P-  55.0 


4{v(b,l  ♦  (*,♦  x2)*  V(bj)  ♦  (xj ♦  *j)  V(  b,balj 


V(N)=  V(R,)J-  V(Rj) ♦  V(T|  )  ♦  V(Tt) 


0.0355 

0.0211 


V(D)=  fv(N)  ♦  0*  V(6)} 

4L 


0.0672 


5K 

CD)  = 

0.26 

— 

1.30 

UL 

(0)  * 

UL(P)= 

_L 

(0)  = 

0.26 

-  Lo»,o 

LL(  P)  = 

Ki 

u.  ■>.  r 

fthnhtfioti  form  fur  /wft  /try  i*f  itn 

Ihrnf  tnfi 

UUP)  = 


1.58 


LL{P)S 


38.0 
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A'i  and  A';.  The  values 5  and  6  were  used  in  these 
two  cases,  because  they  are  the  log.,  of  the  number 
of  units  in  1  and  2  ml  of  the  reference  toxins. 

The  value  of  I)  was  calculated  by  substituting 
the  previously  calculated  values  of  Rx,R:,Tlt  T«, 
and  L  in  equation  2.  This  vane  of  D  was  found 
to  be  0.78.  This  indicates  that  the  tost  toxins  were 
0.78  log2  unit  more  |wtent  than  the  reference. 
A  1-ml  amount  of  the  reference  toxins  contains  5 
log;  units,  so  the  test  toxins  must  contain  5.78 
log*  units.  Thus,  the  test  toxins  have  55.0  potency 
units  per  ml  at  the  concentration  tested  (5,78  X 
.301  —  1.73978  lngio  units).  _ • 

The  formulas  for  calculating  the  variance  of 
the  estimate  D  of  the  log;  of  the  difference  in 
potency  lietween  the  test  and  the  reference  are 
described  above  as  equations  6  through  10.  These 
calculations  were  made  in  this  example,  and  it 
was  found  that  se  (D)  =*  0.26.  Using  normal 
theory,  the  95  Cc  confidence  limits  of  D  become 
VL(D)  -  1.30,  and  LL(D)  =  0.26.  From  these 
the  95 confidence  limits  of  P  were  calculated  as 
UL{P)  ”  79.4  units  i>er  ml,  and  LL{P)  ~  38.0 
units  per  nd. 

Discussion 

Anthrax  toxins  are  oonqxiscd  of  at  least  three 
factors,  I,  II,  and  III,  by  the  classification  of 
Stanley  ami  Smith  (1961,  1963)  or,  respectively, 
edema  factor,  protective  antigen,  and  lethal 
factor  according  to  Beall  ct  al.  (1962).  Both  in 
vitro-produeed  toxins,  as  used  in  this  rej>ort, 
and  in  vivo  toxins,  as  rejxirtod  by  Klein  et  al. 
(1963),  may  be  quantitated  accurately.  The 
procedure  further  provides  an  effective  reference 
for  quantitating  natural  resistance  or  relative 
immunity  as  described  by  Klein  et  al.  (1963), 
because  the  absolute  dose  of  toxins  required  to 
elicit  a  given  res|xtnse  will  liear  a  definite  relation¬ 
ship  to  host  resistance  or  susceptibility. 

The  biological  activities  of  these  conqiounris  arc 
numerous,  and  it  is  likely  that  some  resjxmses 
are  still  to  lx1  discovered.  The  problem  of  evaluat¬ 
ing  activity  ami  mode  of  action  of  ronqxmnds 
which  have  a  synergistic  biological  action  is  more 
difficult  than  for  “single  roiiqiounds.”  Quantita¬ 
tion,  therefore,  is  iui|>ortunt  to  allow  the  work  of 
various  investigators  to  lie  related  more  exactly 
to  each  other.  The  Fischer  344  rats  are  com¬ 
mercially  available,  and  reference  anthrax  toxins 
will  lx-  provided  for  res|xmsiblc  investigators  who 
desire  to  work  with  this  material  for  use  in  es¬ 
tablishing  units.  The  methixls  used  in  this  stand¬ 
ardization  of  these  toxins  may  lx’  appropriate  to 
the  standardization  of  other  biologically  active 
toxins. 
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